both speed the clearance and help restrict the spread of glutamate, first by binding and then transporting the transmitter (26).
frared differential interference contrast optics at 22°t o 24°C from PCs in 300-M-thick cerebellar slices prepared from 12-to 20-day-old rats. Pipettes had resistances of 0.9 to 1.2 megohm; at the end of 34/49 recordings, R series (4.8 Ϯ 0.3 megohm; range: 2.5 to 10.9 megohm, n ϭ 34) was determined by measuring instantaneous current in response to 5-mV steps with only the pipette capacitance canceled. R series was compensated Ͼ80%. The extracellular solution contained 119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl 2 , 1.3 mM MgCl 2 , 1 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , 11 mM glucose, and 0.1 mM picrotoxin saturated with 95% O 2 -5% CO 2 . Pipette solutions contained 130 mM (K ϩ or Cs ϩ ) A Ϫ , 20 mM Hepes, 10 mM KCl or tetraethylammonium ( TEA) chloride, 10 mM EGTA, and 1 mM MgCl 2 , titrated to pH 7.3 with either CsOH or KOH; A Ϫ denotes that NO 3 Ϫ , SCN Ϫ , gluconate Ϫ or Cl Ϫ , and KCl or TEA chloride was included in the K ϩ -or Cs ϩ -based solutions, respectively. Stimuli (10 to 100 V, 10 to 100 s, 0.067 to 0.1 Hz) were delivered by means of a patch pipette filled with bath solution. Signals were filtered at 1 or 2 kHz (EPSCs) and digitized at 5 to 10 kHz. Membrane potential values have been corrected for junction potentials. Reported values are the mean Ϯ SEM. 9. J. Ferkany and J. T. Coyle, Neurosci. Res. 16, 491 (1986). 10. J. L. Arriza et al., J. Neurosci. 14, 5559 (1994). 11. Rapid agonist applications were made as described (26) . Recording pipettes contained either KSCN-or CsNO 3 -based solutions (8) , and extracellular solution consisted of 135 mM NaCl, 5. (1996) . 16. Treatment of Xenopus oocytes was as described (5) .
Oocytes were injected with either human EAAT3 or EAAT4 mRNA and incubated 2 to 4 days in Ringer solution. Ten to 18 hours before recording, intracellular Cl Ϫ was dialyzed by switching to Cl Ϫ -free Ringer solution containing 98 mM NaNO 3 , 2 mM KNO 3 , 1.8 mM Ca gluconate 2 , 1 mM Mg gluconate 2 , 5 mM Hepes (pH 7.5). For EAAT4, E rev in this solution was Ϫ30 Ϯ 2 mV (Fig. 3A , open triangles; n ϭ 8). Neglecting the stoichiometrically coupled ionic current, which under these conditions is negligible for EAAT4 (5) , the Nernst equation indicates that NO 3 achieved a concentration of 31 mM in EAAT4-injected oocytes. [ 3 H]L-glutamate uptake was measured in oocytes voltage-clamped at Ϫ55 mV (5) have either attempted to speed up these physical mapping steps or resolve some ambiguities of restriction mapping. However, none of these can be used routinely or independently from other methods. Moreover, for the purpose of genetic disease screening and molecular diagnostics, there is a need for efficient techniques within the resolution range of a few kilobases (kb) to a few hundred kilobases, a challenge addressed neither by polymerase chain reaction (PCR)-based approaches (7) nor by cytogenetics techniques (8) .
We describe an approach for physical mapping and molecular diagnostics directed to the aforementioned resolution range.
This approach combines major technical developments of the molecular combing phenomenon (9)-referred to as dynamic molecular combing (DMC)-with fluorescent hybridization. In this process, silanized cover slips (9) (10) (11) are dipped into a buffered solution containing genomic DNA (12) and, after 5 min of incubation, are pulled out with the mechanical device described in Fig. 1 . During incubation, DNA molecules bind spontaneously to the cover slip surface by their extremities only. When the cover slips are pulled out of the solution at a constant vertical speed of 300 m/s (13), the meniscus (air solution-cover slip interface) exerts a constant restoring force on the immersed part of each anchored molecule, while their emerged part comes out with the surface (Fig. 1A) . Because of their hydrophobicity, the silanized surfaces dry instantaneously as they are pulled out of the solution. This rapid process results in irreversibly fixed, parallel DNA fibers, aligned in a single direction all over the surface (Fig. 1B) .
As in the previously described procedure (9), DMC results in constant stretching of DNA molecules. The measured stretching factor is uniform all over the surface, as verified by systematic measurements of -DNA molecules (48.5 kb) on test surfaces, yielding a factor of 2 kb/m. This stretching factor does not depend on the size of the DNA fragments (11, 14) .
The major advantage of DMC is its ability to comb high concentrations of total genomic DNA in conditions preserving it from excessive shearing. This yields a very high density of fibers (which, for human samples, can reach up to hundreds of genomes per cover slip), with most DNA fragments longer than several hundred kilobases (Fig. 1B) Steps (iii) and (iv) are performed in a Teflon™ reservoir, using a molecular combing apparatus consisting of a vertically moving clip holding one or more cover slips. We used silanized 22 mm by 22 mm cover slips, which were dipped vertically at a constant speed (300 m/s) into a 4-ml Teflon reservoir containing either an ϳ0.25 g/ml solution of total yeast genomic DNA in 50 mM MES (pH 5.5) or an ϳ1.5 g/ml solution of total human genomic DNA in 150 mM MES (pH 5.5) (12). Freely floating molecules (f ) randomly bind to the surface by their extremities. For clarity, the random coil of the bound molecule (b) is represented as exaggeratedly distant from the anchoring point. The cover slip area below the meniscus line is immersed. As the cover slip is pulled out of the solution after a 5-min incubation period, the anchoring points move upward with the surface. The fixed, horizontal meniscus exerts a localized, constant, and downward vertical force on the coil of the molecules, which are thus progressively unwound. The unwound part is stretched and irreversibly fixed on the dry part of the surface (c). Some loops are observed (lo) when DNA fragments are bound at both extremities, as described (9) . (B) One field of view (200 m by 120 m) is shown of combed human genomic DNA, observed with an epifluorescence microscope (Axioskop, Zeiss, Plan Neofluar 40ϫ objective) with an attached intensified video camera (SIT 68, Dage-MTI). Most of the DNA strands span several fields of view, corresponding to hundreds of micrometers (1 m § 2 kb). The density of fibers shown is close to the maximum for optimal combing. Spherical deformations due to the intensified camera were corrected and image was contrast-enhanced with a homemade computer software. Differences in fluorescence intensity can be attributed to local bundling of a few DNA molecules. Bar, 25 m. known size as an internal control, contrary to previously published fiber-FISH methods (5, 6) . As a result, we obtained a precise physical map spanning more than 200 kb on the YAC covering the region (Fig. 2) , with the determination of the gap size (44.6 Ϯ 5.8 kb) between both contigs (21, 22) . This unambiguous orientation of the contigs showed a centromere-to-telomere transcriptional polarity of CAPN3.
Because the high density of signals allows the fast recording of enough measurements to obtain precise, statistically significant sizes and distances, this approach appears to be a powerful, autonomous tool for the construction of high-resolution maps, including sequence-ready maps over distances up to a few hundred kilobases (23), starting, for instance, from groups of clones roughly ordered by STSs content. Moreover, this approach has advantages over restriction mapping in that it measures gap sizes and is free of ambiguities that can result from unresolved fragments.
However, the use of cloned DNA in human genome studies, especially of YACs, is often impaired by rearrangements. Furthermore, even an unrearranged clone reflects the organization of one chromosome only. Extension of the DMC approach to human genomic DNA was thus a critical challenge, not only to avoid problems with large, unstable clones, but also to address diagnostic questions directly. However, because the human genome [ϳ3 gigabases (Gb)] is much larger than any cloned DNA (with the largest host genome size of 12.6 Mb for YAC), higher concentrations of DNA have to be used, and larger parts of a slide have to be scanned to obtain statistically significant results.
We have first confirmed the feasibility of genomic studies of combed total human genomic DNA on the tuberous sclerosis 1 (TSC1) gene region. Tuberous sclerosis (TSC) is an autosomal dominant heterogeneous disease, characterized by the development of benign growths in several organs, and has two known genetic loci, TSC1 and TSC2 (24) . Although TSC2 was cloned in 1993 (25) , TSC1 on chromosome 9q34 has only very recently been identified (25) . During the positional cloning of TSC1, the construction of a cosmid contig gave an unambiguous order of cosmids (26) . However, two gaps remained for which no accurate distances could be obtained by standard fiber-FISH methods (6) because of the paucity of hybridization signals, attributed to the scarcity of DNA fibers and variable degrees of stretching.
Hence, the gap sizes in the TSC1 cosmid contig (Fig. 3A) were determined by hybridizing pairs of cosmid probes on combed human genomic DNA (12), detected with different fluorochromes (17). Measurements of up to 80 intact pairs of red and green signals were performed on a single slide (27) . The uniformity of stretching was apparent from the similar lengths of hybridization signals (Fig. 3B) and was confirmed by the standard deviations of, at most, a few micrometers on the measured distances. This uniformity and the validation by the previous yeast experiments allowed direct determination of gap sizes in kilobases (28) . An independent measurement of one of the , and 50D9) for determining gap sizes were all obtained from a chromosome-9 -specific library, LL09NC01"P", and were all within the TSC1 gene region on 9q34 between the markers D9S149 and D9S114 (34) . The first two cosmids (117F9 and 165A9) within contig 10 were used as controls. Cosmids 255A6 (contig 10) and 220F3 (contig 37) are at the end of their respective contigs and border a gap subsequently bridged by two PACs (213M24 and 145N8) (34) . Cosmid 180F1 (contig 37 ) and 50D9 (contig 3) are not at the ends of their respective contigs, and the measured distance thus only sets up an upper limit for the gap size, which has been estimated with the help of PFGE to be ϳ20 kb. Subsequent DMC measurements with cosmid probes (250D5 and 251C9) bordering this gap have given a distance of ϳ23 kb ( gaps by Eco RI restriction mapping gave a size that was in very good agreement with the result from DMC (Fig. 3) . The reliability of the DMC approach on the human genome opens the way for a wide range of genetic studies not accessible by other techniques, for instance, the detection and precise measurement of microrearrangements (such as microdeletions in disease genes) which can be arduous and time consuming. Conventional approaches used for detecting loss or gain of DNA sequences do not provide accurate information on sizes of missing or additional sequences unless detection of abnormal results is followed by sequencing (29) . Mutations may sometimes be missed altogether because of the resolution of the methods used in searching for them. Estimates for sizes of deletions can be obtained by pulsedfield gel electrophoresis (PFGE), but the resolution of this method prevents the detection and measurement of deletions below 10 kb. Added limitations include the determination of PFGE parameters required for adequate separation of DNA fragments which can be problematic and lengthy.
As a model example, we chose to measure the sizes of known microdeletions involving the TSC2 gene, the other tuberous sclerosis gene, located on 16p13.3 (25) . For the TSC2 patients studied here, the sizes of deletions, as previously estimated by PFGE, range from 46 to 160 kb (25, 30) .
DNA was prepared (12) from peripheral blood lymphocytes from a normal subject and from three patients carrying deletions involving the TSC2 gene. Each sample was combed separately. Two cosmids bordering the gene region (CBFS1 and GGG4A) were hybridized onto each DNA sample and detected with different fluorochromes (17). For the healthy subject, one single distance of 147 Ϯ 4.4 kb between the two closest extremities of the cosmids was measured, which corresponds to two identical alleles (Fig. 4) . This result is in good agreement with the previous PFGE measurement of 150 kb (31) . Hybridizations of these cosmids on DNA from each TSC2 patient yielded two distances, corresponding respectively to the normal allele (ϳ150 kb) and to the deleted one (Fig. 4 and Table 1 ). The distance between the two cosmids on the normal allele of all patients agreed with that measured for both alleles of the healthy individual. This shows the reproducibility of the approach used on different DNA samples prepared on different days and combed onto different batches of silanized surfaces. One of the cosmid signals (CBFS1) was partially deleted on the abnormal allele of two patients (WS-212 and WS-9), yet the size of these partial deletions was precisely determined, increasing the resolution of the technique for deletion measurement down to a few kilobases.
In summary, the DMC approach described here is a simple method for stretching total genomic DNA from various kinds of cellular material, like blood lymphocytes, lymphoblastoid cell lines, or amniotic cells (32) , provided their DNA has been preserved from degradation and that cells can be embedded in agarose blocks (12) . It allows precise and quantitative measurements of the sizes of hybridized DNA clones and distances between them, at a resolution ranging from a few kilobases up to a few hundred kilobases for both, without requiring normalization by other methods. We have applied DMC to the refinement of a sequence-ready cosmid map, measurement of gaps between contigs on total human genomic DNA, and the measurement of microdeletions on patients' DNA. This approach is of interest not only in genomics, for instance in genome sequencing projects that require validation of sequence-ready maps, but also in diagnostics, where new tools for well-characterized diseases are needed. DMC can be used to check the integrity and stability of large DNA clones such as the human artificial chromosomes The pictures were assembled as described in Fig. 3B . The top three pairs of signals from each patients' slide ( WS-212, WS-9, WS-215) represent the normal allele, whereas the lower three show the allele with the deletion. In two patients ( WS-212 and WS-9), one cosmid signal was partially deleted, and the deleted part of the sequence is indicated by two green arrows. See Table 1 for details. Bars, 10 m ϵ 20 kb. Table 1 . Comparison of distance measurements (in kilobases), using DMC and PFGE. Dynamic molecular combing of human genomic DNA: for the normal subject, one single distance was measured, because both alleles are normal in the region bordered by the two cosmids. For TSC2 patients, two distances were measured, corresponding to the normal allele and to the deleted one. Measured distances are displayed with their SDs and the number of measurements taken into account for the calculations (in brackets). The distances corresponding to the normal allele (first column) for four different samples shows the uniformity of stretching obtained even for long-distance measurements. The total size of the deletion is derived from results of the first columns: total deletion ϭ distance on normal allele -distance on deleted allele ϩ cosmid deletion. PFGE: approximate sizes of deletions for the three patients were determined by PFGE (24, 29) . Cosmids CBFS1 and GGG4A border the TSC2 gene region and their distance has previously been estimated on normal DNA to be 150 kb by PFGE (31 or chromosomes of human-mouse hybrids (33), visualize and measure intragenic rearrangements, map translocation breakpoints in disease loci, assist in the identification of disease genes, and compare maps between species, which should lead to insights in the evolutionary process. concentration) low-melting point agarose blocks (1 g per block), using standard PFGE block preparation protocol (3). Total human genomic DNA: DNA blocks were prepared from peripheral blood lymphocytes from a normal subject or lymphoblastoid cell lines from patients carrying deletions involving the TSC2 gene. Peripheral blood lymphocytes were separated from fresh whole blood with lymphocyte separation medium (Flow Labs); this step was not required for lymphoblastoid cells. After washing in phosphate-buffered saline (PBS), cells were resuspended at a concentration of 2 ϫ 10 7 cells/ml, mixed with an equal volume of 1% low-melting point agarose, and immediately poured into 100-l molds. Each block contained 10 6 cells, equivalent to 6.6 g of genomic DNA for diploid cells (3) . PFGE blocks were then prepared as described (3) with the following modifications: ESP contained 2 mg/ml proteinase K, 0.5 M EDTA (pH 8), and 1% L-sarcosine, and blocks were stored in 0.5 M EDTA (pH 8) at 4°C. Combing: Before use, blocks were washed in 15 ml of TE buffer [10 mM tris/1 mM EDTA (pH 8)] for at least 2 hours. Each agarose block was stained with the fluorescent dye YOYO-1 (0.33 nmol per microgram of DNA; Molecular Probes) in 100 l of T 40 E 2 [40 mM tris/2 mM EDTA (pH 8)] in 2-ml Eppendorf tubes for 1 hour at room temperature (RT ). After staining, the supernatant was discarded and each agarose block was melted for 20 min in 500 l of TE buffer at 68°C, then digested for 2 hours or overnight at 40°C with 2 U of ␤-agarase I in 1ϫ NEB agarase buffer (New England Biolabs). Dilution of the DNA (yeast, 0.25 g/ml; human, 1.5 g/ml) in MES (pH 5
-bottomed tubes (Falcon) in order to avoid breakage of the DNA strands. Because of high DNA concentrations in the human DNA preparations, suspension of the DNA had to be aided by heating the solution to 75°C for 30 min, then cooling to RT before transfer to a reservoir. The DNA solution was poured into a Teflon™ reservoir of appropriate size. Up to three silanized 22 mm by 22 mm cover slips could be introduced in a 4-ml reservoir. The DNA solution can be stored at 4°C for several weeks. Combed DNA cover slips (see text and Fig. 1) were examined with an inverted epifluorescence microscope (Axiovert 135, Zeiss) equipped with filter for green emission ( XF 22, Omega Optical). Surfaces with DNA density as shown in Fig. 1 were used in fluorescent hybridization experiments. Before use, DNA cover slips were dried at 60°C overnight, mounted on microscope slides with cyanoacrylate glue, and used immediately or stored (-20°C) in plastic slide holders. DNA cover slips have been stored at RT for up to 6 months before use in FISH experiments without any deterioration in the quality of the hybridization or quantity of signals (34) . 13. Shorter incubation times (30 s) of the slides in the DNA solution have also been used successfully, implying that the kinetics of DNA binding is probably very fast, with a rapid saturation of all accessible binding sites. The quality of combing does not depend on the speed at which cover slips are pulled out of the DNA solution [speeds of up to 500 m/s have been used (10)]. 14. This parameter is constant for each batch of treated surfaces. For unexplained reasons, a few batches with a stretching factor of 2.3 kb/m have sometimes also been observed. Hence, systematic measurements of -DNA molecules were performed on a few surfaces per batch (each batch containing 72 surfaces). Surface treatment inhomogeneities on each cover slip may occur and lead to local variations in the surface density of combed molecules, or in the stretching factor. However, these inhomogeneities have no effect on the final results obtained on a large number of measurements, as shown by their small standard deviation (see text). Residual surface defects may also result in transient pinning of the meniscus, leading to a local deformation of the normally straight interface. It can be detected as a local departure from parallelism, but has no effect on the stretching factor. The validity of this factor for a wide range of DNA sizes was shown by measurement of molecules ranging from ϳ50 kb to ϳ250 kb (11) and by redundant measurements of cosmid distances (21). 15. The number of combed genomes is estimated from the mean DNA length per field of view, the theoretical length of a combed genome, and the number of fields of view per cover slip. The size distribution of the fragments cannot be systematically measured because the extension of fibers over several fields of view and their density render it a cumbersome analysis. The mean length given here is a qualitative order of magnitude. Among these long fibers, a significant proportion of fragments have lengths over several megabases. 16. H.-U. G. Weier et al., Hum. Mol. Genet. 10, 1903 (1995) . 17. Probe labeling: all probes consisted of genomic DNA cloned in cosmids. Cosmids were grown and DNA extracted with a scaled-up alkaline lysis method (3). Each probe (1 g) was labeled by random priming with either biotin-14 -deoxycytosine triphosphate (Bioprime kit, Gibco-BRL) or digoxigenin-11-deoxyuridine triphosphate (DIG, Boehringer) according to manufacturer's instructions. Ethanol-precipitated probes were resuspended in 50 l of 10 mM tris/1 mM EDTA (pH 8) and stored at -20°C. Concentrations were estimated by densitometry on a 0.6% agarose gel. Probes labeled by nick-translation have also been used. We again ethanol precipitated 500 to 600 ng of each labeled probe in the presence of 5ϫ excess human COT-1 DNA (except when hybridizing on yeast DNA, for which no COT-1 was used) and 20 g of herring sperm DNA at -70°C for 1 hour.
After centrifugation, the pellet was dried for 10 min, then resuspended in 10 l of hybridization mixture [50% formamide, 10% dextran sulfate, 2ϫ saline sodium citrate (SSC), and 1% Tween-20]. Resuspended probes were denatured (5 min in boiling water), snap-cooled, and left on ice until needed. Slides: Combed DNA cover slips mounted on microscope slides were equilibrated to RT, dehydrated through ethanol series (70%, 90%, 100%) three times of 3 min each, air-dried, denatured in 50% formamide/ 2ϫ SSC (pH 7.0) at 75°C for 2 min, then quenched in ice-cold ethanol series and air dried. Hybridization: Denatured probes were incubated with combed DNA at 37°C under an ordinary glass cover slip, with the edges sealed with rubber cement, for at least 16 hours. Detection: All slides were washed at RT on a shaker as follows: three washes of 5 min in 50% formamide/2ϫ SSC (pH 7) and three washes of 5 min in 2ϫ SSC. We applied 50 l of 1.5% blocking solution (Boehringer) on each DNA cover slip and incubated them at 37°C for 30 min in a moist chamber. Biotinylated and DIG-labeled probes were detected with Texas red and FITC, respectively, using five successive layers of antibodies as follows: ( a polymer melt, and no fast drying can be expected if a drop of solution is deposited on a cover slip as described (9, 16) . Moreover, the unbound molecules entangled in the polymer mesh of other molecules are forced to dry on the surface, which results in uncombed patches of DNA. Manipulation of the DNA would also contribute to intense shearing, which is eliminated by the use of a fixed reservoir and the molecular combing apparatus described in Fig.  1A . 20. For small distances between two probes (Ͻ30 kb), Ͼ50% of the pairs of aligned red and green cosmid signals were complete. Inversely, in most pairs of cosmids separated by longer distances, one or both cosmids were detected as incomplete signals (21). This is due to an increased probability of finding a broken DNA fragment in the region studied (and hence, partial hybridization signals). In such cases, the size of each cosmid was reliably determined because we also included measurements of isolated, complete cosmid signals in our analysis. 21. X. Michalet et al., in preparation. 22. Redundant measurements consist of measuring the distance between cosmid A and B, the distance between B and C, and the distance between A and C in three different hybridization assays. Any stretching inhomogeneity would give different results for the distance between A and C, as obtained from the sum of the first two hybridizations and from the direct measurement of the third one. A perfect agreement was observed in all independent tests (over a 200-kb region), which allowed us to convert mean sizes measured in micrometers to sizes measured in kilobases, without needing to refer to an internal control. Direct measurements have standard deviations of 6 to 11%. The gap size was measured indirectly from two measurements, which led to a larger standard deviation (21). 23. The maximum extent over which this approach can be used is restricted mainly by the size of the microscope field of view (which can be increased using smaller magnification objectives at the expense of visibility of fluorescent signals) and by the difficulty to assess whether two apparently distant and aligned signals belong to the same fiber or not, setting a practical distance limit of a few hundred kilobases [400 kb, 40ϫ objective (21)]. Detection of the underlying DNA fiber with another fluorochrome (16) does not resolve this ambiguity when the density of combed fibers is too high, because of the possible confusion between close fibers (21). Hybridization of several probes together, detected with multicolor fluorescent systems, would decrease the number of hybridizations and the scanning time necessary for the construction of large high-resolution physical maps, contrary to optical mapping techniques that require one experiment per clone.
Conditional Mutator Phenotypes in hMSH2-Deficient Tumor Cell Lines
Burt Richards, Hong Zhang, Geraldine Phear, Mark Meuth* Two human tumor cell lines that are deficient in the mismatch repair protein hMSH2 show little or no increase in mutation rate relative to that of a mismatch repair-proficient cell line when the cells are maintained in culture conditions allowing rapid growth. However, mutations accumulate at a high rate in these cells when they are maintained at high density. Thus the mutator phenotype of some mismatch repair-deficient cell lines is conditional and strongly depends on growth conditions. These observations have implications for tumor development because they suggest that mutations may accumulate in tumor cells when growth is limited.
The autosomal dominant syndrome of hereditary nonpolyposis colon cancer (HNPCC) is characterized by early onset of colon tumors as well as cancers of the endometrium, stomach, upper urinary tract, small intestine, and ovary. Mutations in two human homologs of the Escherichia coli mismatch repair genes MutS and MutL (hMSH2 and hMLH1) are found in the great majority of HNPCC patients (1) . Less frequent germline mutations of another MutL homolog (hPMS2) are also associated with this disease (2) . HNPCC patients inherit a mutant allele of a mismatch repair gene (3) , and the second wild-type allele is mutated or lost as an early event in tumor development (3, 4) . This second event renders cells mismatch repair-deficient (5, 6) , presumably leading to a mutator phenotype that drives the accumulation of mutations required for tumor development (7) . Two other genes encoding homologs of the E. coli MutS gene (hMSH3 and hMSH6) appear to be involved in the repair of some types of DNA replication errors or damage (8) . A variety of in vitro assays indicate that heterodimers formed between these proteins and hMSH2 exhibit considerable specificity in the types of errors they recognize and bind. Thus, hMSH2 may play a central role in recognition of DNA replication errors while hMSH3 and hMSH6 modify the specificity of this recognition (8) .
To examine the consequences of hMSH2 deficiency in human tumor cells, we measured mutation rates in two tumor cell lines with hMSH2 mutations: SK-UT-1, which was derived from a uterine tumor; and 2774, which originated from an ovarian tumor (6, (9) (10) (11) . SK-UT-1 has a 2-base pair (bp) deletion in exon 10 of the hMSH2 coding sequence that results in a truncation (9) ; and 2774 has a base substitution in exon 14, resulting in a missense mutation (Arg 3 Pro) (10) . SK-UT-1 has no detectable hMSH2 protein, whereas 2774 retains a full-length mutant protein (12) . The levels of hMLH1 and hPMS2 in these cell lines are similar to those in repair-proficient cell lines. Surprisingly, mutation rates of growing 2774 and SK-UT-1 cells at the X-linked locus encoding the purine salvage enzyme hypoxanthine guanine phosphoribosyl transferase (HPRT) ( Table 1) were lower than that measured for the mismatch repair-proficient SV40-transformed fibroblast line MRC-5 (rate ϭ 1.4 ϫ 10 -7 mutations per cell per generation). This contrasts with the 130-to 190-fold increase in mutation rate found in tumor cell lines deficient in other mismatch repair components (Table 2 ). Other laboratories have reported difficulties in isolating HPRT mutants from hMSH2-deficient cell lines (13), although increased mutation rates have been measured in the hMSH2-deficient LoVo cell line (14, 15). To test the possibility that the low HPRT mutation rate in the hMSH2-deficient cells is due to the presence of multiple active X chromosomes (16), we measured the rate of mutation to ouabain resistance (Oua R ). Because these mutations act dominantly, they are not obscured in polyploid cells (17). However, even at this locus there was no change in mutation rate for cell line 2774 relative to that in mismatch repair-proficient MRC-5, whereas that in SK-UT-1 was elevated 7.1-fold (18). Thus, these data indicate that the two hMSH2-deficient tumor cell lines develop a weaker mutator phenotype than lines deficient in other mismatch repair genes.
To determine whether mutation rates increased in these hMSH2-deficient cells under less optimal culture conditions, we examined HPRT and Oua R mutant frequencies in 2774 and SK-UT-1 cells that had been maintained for 2 weeks in a highdensity growth-limited state. For 2774 cells, the HPRT mutant frequency of replicas maintained at high density was 7900-fold higher and the frequency of Oua R mutants was Ͼ67-fold higher relative to those of replica cultures kept under optimal growth conditions ( 
